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Abstract

We study the undetectable faults in partial scan circuits under a
test application scheme referred to as transparent-scan. The
transparent-scan approach alows very aggressive test compac-
tion compared to other approaches. We demonstrate that, unlike
other approaches that provide high levels of test compaction for
partial scan circuits, this approach does not increase the number
of undetectable faults. We also discuss the monotonicity of the
number of undetectable faults with increased levels of scan.

1. Introduction
Test generation for scan circuits can be done under one of
several test application schemes. Each approach has certain
advantages that may make it the most suitable approach for a
given circuit. Each approach aso has its own set of undetectable
faults. The study of undetectable faultsis important in improving
the test generation process for several reasons.
(2) A rigorous definition of undetectable faults and procedures to
identify undetectable faults are important in defining an accurate
fault efficiency metric. Such a metric is important in evaluating
the effectiveness of atest generation procedure.
(2) Fast identification of undetectable faults alleviates the need to
apply the test generation procedure to faults that cannot be
detected. This can reduce the overall test generation time since a
test generation procedure may spend large amounts of time con-
sidering undetectable faults.

Next, we describe each one of the three approaches to test
generation for scan circuits and discuss its undetectable faults.

The first approach was considered for full scan circuitsin
[1]-[3] and for partial scan circuits in [4]. We refer to it as the
scan—per —vector (SPV) approach. Under this approach, the
present state variables (the outputs of the scan flip-flops) are con-
sidered as primary inputs of the circuit and the next state vari-
ables (the inputs of the scan flip-flops) are considered as primary
outputs of the circuit during test generation. For a full scan cir-
cuit, combinational test generation is then applied to detect faults
in the combinational logic of the circuit. The set of undetectable
faultsis the set of combinationally redundant faults. For a partia
scan circuit, sequential test generation is required for a simplified
circuit with a reduced number of state variables and increased
numbers of primary inputs and primary outputs. The set of
undetectable faults can be obtained using techniques developed
for sequential circuits [5]-[10]. These techniques should be
applied to the simplified circuit obtained after removing the
scanned flip-flops and considering their outputs as inputs of the
circuit and their inputs as outputs of the circuit. The test applica-
tion scheme under this approach requires a scan-in operation
before every primary input vector is applied and a scan-out
operation after every primary input vector is applied. The state of
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the unscanned state variables should be held during a scan opera-
tion (other variations of this approach exist, for example, the
values of the unscanned state variables can be obtained through
the functional path of the circuit during scan; however, this com-
plicates the test generation process).

The second approach was considered in [11]-[13]. We
refer to it as the scan—per —test approach (SPT). Under this
approach, the test generation procedure repeatedly selects
between two options. The first option is to scan-out the current
state and scan-in a new state. The second option is to continue
applying primary input vectors without using the scan chain. The
choice in [11]-[12] is made so as to minimize the number of
clock cycles it will take to detect a target fault. The result is
scan-based tests where sequences of primary input vectors are
embedded between scan operations. Compared to SPV, the test
application time for tests generated under SPT is lower since
fewer scan operations are required (SPV requires a scan opera-
tion before and after every primary input vector). In addition,
SPT dlows testing of the circuit through its functional path for
severa clock cycles at a time. The set of undetectable faults
under this approach was studied in [14] under the assumption
that the values of the unscanned state variables are unknown
after every scan-in operation. It was shown that for full scan cir-
cuits, the set of undetectable faults is the set of combinationally
redundant faults. For partial scan circuits, a detectable fault
under SPV may be undetectable under SPT. As a result, the set
of undetectable faults under SPT is a superset of the set of
undetectable faults under SPV.

Both SPV and SPT keep a clear distinction between scan
operations and application of primary input vectors. Under SPV,
each primary input vector is preceded and followed by a scan
operation. Under SPT, sequences of primary input vectors are
preceded and followed by scan operations. The third approach
to testing of a scan circuit was considered in [15]. We refer to it
as transparent —scan (TRS). Under this approach, the distinction
between scan operations and application of primary input vectors
is eliminated. Assuming a single scan chain, the test generation
process explicitly uses extrainputs scan_sel , which is the select
input of the scan multiplexers, and scan_inp, which is the input
of the (single) scan chain. It also uses explicitly an extra output,
scan_out, which is the output of the scan chain. When the test
generation procedure sets scan_sel = 1, a single shift of the scan
chain results. If scan_sel =1 for Ngy consecutive time units, a
limited scan operation that shifts the scan chain by Ng,; positions
results. As a consequence, limited scan operations are naturally
incorporated into the test sequences generated by a sequential
test generation procedure. This leads to very aggressive test
compaction, as demonstrated in [15]. The transparent-scan
approach was also found to be necessary in [16] for testing of
critical pathsin amicroprocessor that uses partial scan.

The set of undetectable faults under TRS has not been
studied before. We report on such a study here. Our results
include the following.



(1) Denoting the set of undetectable faults under approach A
(where A =8PV, SPT or TRS) by Fyga, We prove that
Fundtrs O Fung.ser- We also compare the numbers of undetect-
able faults under the three approaches in benchmark circuits. The
comparison shows that the numbers of undetectable faults under
SPV and under TRS are dmost identical. Thus, while SPT
achieves compaction at the cost of an increased number of
undetectable faults, TRS achieves compaction without increasing
the number of undetectable faults compared to SPV.

(2) We denote the set of undetectable faults under approach A in
acircuit with a given set of scanned state variablgs S by FuSndYA.

For SPV and SPT, if S; O S,, then Fypga O Fyga. For TRS
we demonstrate that this may not always be the case. Thus, the
set of undetectable faults under TRS needs to be computed for
every scan configuration separately.

For ease of presentation we consider circuits with single
scan chains. However, the results apply to circuits with multiple
scan chains. The paper is organized as follows. In Section 2 we
discuss the test application scheme under TRS. In Section 3 we
consider the relationships between F4syv, Fuaser and

Fund ,TRS*

2. Partial scan under TRS

We first consider a full-scan circuit. |f scan_sel =1 at time unit
u, the state at time unit u+1 is obtained by shifting the state at
time unit u by one position. We always shift states to the right.
The leftmost state bit at time unit u+1 is equal to the value of
scan_inp at time unit u. The value of scan_out is always equal
to the value of the last flip-flop in the scan chain.

To simplify the discussion of partial scan, we aways
assume that when k out of K state variables are scanned, the
scanned state variables are y,, - - - ,yk_; and the unscanned state
variablesarey,, - - - \Yx—1- With this configuration, the following
values are obtained at time unit u+1 if scan_sel =1 at time unit
u. Thevauesof yg, - - -y, are determined by shifting the scan
chain by one position to the right and setting y, equal to
scan_inp at time unit u. The values of y,, - - * ,yx_; are deter-
mined through the functional path of the circuit. More accu-
rately, suppose that y, =q; a time unit u and that
scan_inp = aj, at time unit u. Suppose in addition that if
scan_sel =0 (i.e, the circuit operates in its functional mode at
timeunit u), y; =3 at time unit u+1. Then the state at time unit
u+l has yo=0iy, Vi =a4 for 1<i <k, and y; =f for
ks<i<K.

3. Sets of undetectable faults

For non-scan synchronous sequential circuits, a definition of
undetectable faults was given in [7]. This definition is the basis
for defining undetectable faults in scan circuits under the various
approaches we consider.

The definition of an undetectable fault in [7] is as follows.
A fault f isdetectable if there exists a test sequence T such that
for every pair of initial states s of the fault free circuit and s of
the faulty circuit, the output sequence of the fault free circuit
when itsinitial stateis s and its input sequence is T is different
from the output sequence of the faulty circuit when its initia
stateis s and itsinput sequenceis T. A fault f is undetectable
if it isnot detectable.

To identify undetectable faults under the SPV approach,
the definition of [7] can be applied to the circuit obtained by
removing the scanned flip-flops and considering their outputs as
inputs of the circuit and their inputs as outputs of the circuit.
With this modification, a scan operation is needed before and
after every primary input vector. The scan-in operation assigns

the necessary values to the scanned state variables and the scan-
out operation observes their values one clock cycle later. The
values of the unscanned state variables are left unchanged during
ascan operation. This corresponds to our definition of SPV.

For the SPT approach, the definition of [7] has been
modified in [14] to accommodate the fact that the state of the
scanned state variables can be controlled at the beginning of a
test and observed at its end, and that the values of the unscanned
state variables are assumed to be unknown after the scan-in
operation at the beginning of a test. Based on this definition,
sufficient conditions for a fault to be undetectable were
developed in [14]. A subset of the undetectable faults was found
in [14] for benchmark circuits with different levels of scan based
on these conditions.

To identify undetectable faults under the TRS approach,
the definition of [7] can be applied directly to the scan circuit
with the scan select, scan input, scan output and scan multi-
plexers inserted into the circuit.

Next, we show that if afault f is detectable under SPT
then the fault is also detectable under TRS. This will imply that
Fundtrs O Fung,ser- Ina@asimilar way it can be shown that f is
also detectable under SPV.

To show that if f is detectable under SPT then it is also
detectable under TRS, we consider a test for f under SPT. We
translate the test into a test under TRS. The existence of a test
under TRS impliesthat f is detectable under TRS.

Consider afault f which is detectable under SPT. A test
under SPT hasthe form (S ,T), where S is a scan-in vector and
T is a sequence of primary input vectors. The test is applied as
follows. First, 9 is scanned in. At the end of the scan-in opera-
tion, the states of the unscanned flip-flops are assumed to be
unknown. The primary input sequence is then applied. Finaly,
the state of the scanned state variables is scanned out. For f , let
S =0p- -0 andlet T =(tg, - - ,t, _1). We can apply this test
under TRS as follows. For atime unit u suchthat 0 u < k, we
use an arbitrary primary input vector, and we set scan_sel =1
and scan_inp = a,_,_,. This brings the scanned state variables
to state S at time unit k. For a time unit u such that
k =u < k+L, we apply the primary input vector t,_, and we set
scan_sel =0. The value of scan inp is set arbitrarily. This
applies the primary input sequence T to the circuit. For atime
unit u such that k+L <u < 2k+L, we use an arbitrary primary
input vector, we set scan_sel =1 and we assign an arbitrary
value to scan_inp. This results in scanning out of the final state
of the scanned state variables. We obtain a test under TRS,
which affects the circuit in exactly the same way as the SPT test
(9,T). Therefore, it detects the same fault f .

The relationship between F 4 trs @nd Fyq spy iS NOt as
simple for the following reason. Under SPV, the state of the
unscanned state variables is held during a scan operation. Under
TRS, the state of the unscanned state variables is determined
through the functional path of the circuit during a scan operation.
This difference can cause a fault to be detectable under one
approach but undetectable under the other approach. It is also
possible to consider a variation of SPV where the state of the
unscanned state variables is determined through the functiona
path of the circuit during a scan operation. In this case, it is pos-
sible to trandate a test under SPV into a test under TRS similar
to the transglation we performed from SPT to TRS. For thisvaria-
tion of SPV, the set of undetectable faults contains the set of
undetectable faults under TRS.

In Tables 1, 2 and 3 we compare the numbers of undetect-
able faults under SPV, SPT and TRS experimentaly. We use
MCNC finite-state machine benchmarks. For SPV and TRS, we



implemented a procedure for identifying undetectable faults
using the definition of [7], and we apply it to the appropriate cir-
cuits. For SPT, we repeat the results from [14], which provide a
lower bound on the number of undetectable faults.

Table 1: Undetectable faultsunder SPV

k=0 und
circuit flts | det und | k=1 k=2 k=3 k=4 k=5 k=6
bbtas 63 62 1 0 0 0
bbara 138 | 130 8 0 0 0 0
bbsse 238 | 235 3 0 0 0 0
dk512 124 | 122 2 0 0 0 0
ex4 176 | 171 5 4 0 0 0
ex7’ 160 | 149 11 10 1 1 1
markl 204 | 197 7 1 1 1 1
opus 181 | 180 1 0 0 0 0
train1l 104 | 100 4 3 0 0 0
dk16 532 | 529 3 2 2 2 2 2
fetch 345 | 335 10 3 3 3 3 3
keyb 470 | 468 2 0 0 0 0 0
rie 552 | 545 7 4 4 4 4 4
dvram 425 | 424 1 0 0 0 0 0 0

Table 2: Undetectable faultsunder SPT [14]

k=0 und
circuit flts det und | k=1 k=2 k=3 k=4 k=5 k=6
bbtas 63 62 1 1 0 0
bbara 138 | 130 8 8 7 1 0
bbsse 238 | 235 3 2 2 1 0
dk512 124 | 122 2 2 2 1 0
ex4 176 | 171 5 5 5 5 0
ex7 160 | 149 11 11 11 11 1
markl 204 | 197 7 7 7 4 1
opus 181 | 180 1 0 0 0 0
train1l 104 | 100 4 4 2 0 0
dk16 532 | 529 3 3 3 3 3 2
fetch 345 | 335 10 8 8 8 7 3
keyb 470 | 468 2 2 2 2 2 0
rie 552 | 545 7 7 7 7 7 4
dvram 425 | 424 1 1 1 1 1 1 0

Table 3: Undetectable faults under TRS

k=0 und
circuit flts det und | k=1 k=2 k=3 k=4 k=5 k=6
bbtas 63 62 1 0 0 0
bbara 138 | 130 8 0 0 0 0
bbsse 238 | 235 3 0 0 0 0
dk512 124 | 122 2 0 1 0 0
ex4 176 | 171 5 4 0 0 0
ex7 160 | 149 11 10 1 1 1
markl 204 | 197 7 1 4 1 1
opus 181 | 180 1 0 0 0 0
trainll 104 | 100 4 3 0 0 0
dk16 532 | 529 3 2 2 2 2 2
fetch 345 | 335 10 3 4 3 3 3
keyb 470 | 468 2 0 0 0 0 0
rie 552 | 545 7 4 4 4 4 4
dvram 425 | 424 1 0 0 0 0 0 0

Tables 1, 2 and 3 are organized as follows. After the cir-
cuit name we show the total number of collapsed single stuck-at
faults. Under column k =0 we consider the circuit without scan
and we show the number of detectable faults and the number of
undetectable faults in this circuit. Under column und subcolumn
k =i we show the number of undetectable faults in the scan cir-
cuit where the first k state variables are scanned. For SPT, thisis
alower bound on the number of undetectable faults. We consider
0<k =<K where K isthe number of state variables. The circuits
are organized in groups with increasing numbers of state vari-
ables. The following points can be seen from Tables 1, 2 and 3.

Both SPV and TRS have significantly fewer undetectable
faults than SPT. Even with low levels of scan (k = 1), the set of
undetectable faults under SPV and TRS typicaly includes only
the combinationally redundant faults (which are also undetect-

able when k =K). The numbers of undetectable faults under
SPV and TRS are almost identical. This indicates that the advan-
tages of TRS (high levels of test compaction and the option for
functiona testing) are obtained without loss in the achievable
fault coverage.

Considering dk512, mark1 and fetch under TRS it can
be seen that the number of undetectable faults does not neces-
sarily go down as the number of scanned state variables is
increased. This does not occur for SPV and SPT, where the set
of undetectable faults decreases monotonically as additional
flip-flops are added to the scan chain.

4. Concluding remarks

We studied undetectable faults in scan circuits under a test appli-
cation scheme referred to as transparent—scan (or TRS). Our
study yielded the following results in comparison to two other
approaches, SPV and SPT. (1) The numbers of undetectable
faults under SPV and under TRS are amost identical. Thus,
while SPT achieves compaction at the cost of an increased
number of undetectable faults, TRS achieves even higher levels
of compaction without increasing the number of undetectable
faults compared to SPV. (2) The set of undetectable faults under
TRS does not decrease monotonically as the level of scan is
increased, and needs to be computed for every scan
configuration separately.
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